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roduction of fuels from cellulosic biomass could offer large
benefits in terms of sustainability, security, and rural economic development [refs. 1 and 2; Greene et al. (2004), www.
nrdc.org兾air兾energy兾biofuels兾biofuels.pdf]. The cost of producing reactive intermediates from cellulosic biomass is the central
technical obstacle to be overcome for these benefits to be
realized (3). Accordingly, a substantial and ongoing effort has
been devoted to describing the components and mode of action
of multicomponent cellulase enzyme systems (4–8), and to
improving their effectiveness (9–11). Synergism among cellulase
components is an important and widely documented phenomenon in this context. Values for the degree of synergism (DS, the
activity exhibited by mixtures of components divided by the sum
of the activities exhibited by the components acting separately)
⬎2 are common, and DS values ⬎5 have been reported under
some conditions (8).
Cellulose hydrolysis can be mediated by cellulase enzymes
acting in the absence of cells, by cellulases acting in the presence
of cells but with no cell–enzyme attachment, or by cellulases
attached to cells. In the latter case, hydrolysis is mediated by
ternary cellulose–enzyme–microbe (CEM) complexes rather
than binary cellulose–enzyme (CE) complexes. For anaerobic
cellulolytic bacteria, CEM complexes are commonly formed and
are thought to be the major agent of cellulose hydrolysis (12).
Potential benefits of CEM complexes for cellulolytic microorganisms have been suggested, including preferred access to
hydrolysis products and local concentration of cellulases (12–16).
The possibility of enhanced effectiveness of cellulases present
in CEM complexes has been mentioned (12) but has not been
demonstrated or quantitatively evaluated. We investigate such
‘‘cell-enzyme synergy’’ here for Clostridium thermocellum, an
anaerobic thermophilic bacterium that exhibits one of the highest rates of cellulose utilization among described microorganisms
(12). C. thermocellum produces a cellulase complex, or ‘‘cellulosome,’’ a substantial fraction of which is bound to the cell
surface under most culture conditions (17–20). Recently, Zhang
and Lynd (21) showed that C. thermocellum assimilated cellodextrins with a mean degree of polymerization of ⬇4 during
growth on cellulose, and that these cellodextrins were subsequently cleaved by intracellular phosphorolytic enzymes. This
organism is a starting point for developing anaerobic microbes
capable of one-step processing of cellulosic biomass to ethanol
www.pnas.org兾cgi兾doi兾10.1073兾pnas.0605381103

or desired products in the absence of added saccharolytic
enzymes (3, 12, 22).
Results
Hydrolysis of microcrystalline cellulose (Avicel, FMC, Philadelphia, PA) was compared in batch and continuous cultures for two
systems.
(i) Growing cultures of C. thermocellum in the absence of added
cellulase, ‘‘microbial hydrolysis,’’ in which hydrolysis is mediated by both CEM and CE complexes.
(ii) Enzymatic hydrolysis mediated by purified C. thermocellum
cellulosome with fermentation of hydrolysis products by the
noncellulolytic thermophilic anaerobe Thermoanaerobacterium thermosaccharolyticum. In such simultaneous saccharification and fermentation (SSF), hydrolysis is mediated by
CE complexes only.
In batch culture under the conditions examined, microbial
hydrolysis required 16 h for complete hydrolysis of 2 g of
cellulose兾liter, during which the cellulosome and cell protein
concentrations roughly doubled from 48 to 98 and 125 to 264
mg兾liter, respectively (Fig. 1A). SSF required 32 h for complete
hydrolysis, during which the cellulosome concentration was 100
mg兾liter, and the cell protein concentration increased from 160
to 260 mg兾liter (Fig. 1B). The conditions under which microbial
hydrolysis and SSF occurred were very similar (see Figs. 4 and
5, which are published as supporting information on the PNAS
web site). The same growth medium and pH were used, and the
concentrations of fermentation products were low. Hydrolysis
products (total soluble glucans) in the growth medium were
ⱕ0.02 g兾liter at all times for both microbial hydrolysis and SSF,
2 orders of magnitude less than concentrations at which 50%
inhibition of the C. thermocellum cellulase system is observed
(23). The cellulase-specific activity was quite similar for enzymatic hydrolysis and microbial hydrolysis (measured with metabolically inactive cells) and remained nearly constant throughout the experiment (Table 2, which is published as supporting
information on the PNAS web site).
Cellulose concentration is plotted vs. time in Fig. 2 for
microbial hydrolysis (from Fig. 1 A), SSF (from Fig. 1B) and for
controls as follows: cell-free control 1, 100 mg兾liter purified
cellulase with no fermenting organism; microbial control 1, a C.
thermocellum culture (100 mg兾liter cellulosome, 264 mg兾liter
cell protein) with 38.5 mM sodium azide, a fermentation inhibitor; cell-free control 2, as for cell-free control 1 with 38.5 mM
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Specific cellulose hydrolysis rates (g of cellulose兾g of cellulase per
h) were shown to be substantially higher (2.7- to 4.7-fold) for
growing cultures of Clostridium thermocellum as compared with
purified cellulase preparations from this organism in controlled
experiments involving both batch and continuous cultures. This
‘‘enzyme–microbe synergy’’ requires the presence of metabolically
active cellulolytic microbes, is not explained by removal of hydrolysis products from the bulk fermentation broth, and appears due
to surface phenomena involving adherent cellulolytic microorganisms. Results support the desirability of biotechnological processes
featuring microbial conversion of cellulosic biomass to ethanol (or
other products) in the absence of added saccharolytic enzymes.

Fig. 2. Batch cellulose hydrolysis. Microbial and SSF curves are from the
experiment depicted in Fig. 1. Experimental conditions for controls are specified in the text.

Fig. 1. Batch cellulose utilization. (A) Microbial cellulose utilization. The experiment was initiated by adding 2 g兾liter cellulose at time 0 to a culture of C.
thermocellum that had previously used 2 g兾liter cellulose. (B) Enzymatic hydrolysis of cellulose (SSF). The experiment was initiated by adding 0.1 g兾liter purified
C. thermocellum cellulosome at time 0 to a culture of T. thermosaccharolyticum
that had previously used 2 g兾liter cellobiose in the presence of 2 g兾liter cellulose.
Hydrolysis products other than cellobiose were assayed but were below detection
limits. pH and concentrations of fermentation products are presented in Figs. 4
and 5 for microbial and enzymatic hydrolysis, respectively.

sodium azide. Although concentrations of hydrolysis products
were 1 order of magnitude higher for cell-free control 1 (Fig. 6,
which is published as supporting information on the PNAS web

site) than for SSF the hydrolysis rates were similar. Accumulation of hydrolysis products in the bulk fermentation broth (away
from the surface of cellulose) thus is not a plausible explanation
for the marked difference between microbial hydrolysis and SSF.
The rate of hydrolysis was substantially higher for growing cells
(microbial hydrolysis) than for metabolically inactive cells (microbial control 1), despite the fact that the cellulase concentration was lower for microbial hydrolysis through most of the
experiment. The lower rates of hydrolysis by inhibited cells were
not primarily due to inhibition of cellulase by azide, because the
rates of cell-free hydrolysis observed in the presence and absence
of azide were similar.
Microbial hydrolysis and SSF were also compared in steadystate continuous cultures. Mean values for four or more steadystate data points are reported in Table 1, with cellulase-specific
activities in Table 2 and standard deviations and carbon recovery
in Table 3, which is published as supporting information on the
PNAS web site. Microbial steady states 1 and 2 were obtained at
residence times ( ⫽ fermentor volume兾feed flow rate) of 6.8
and 9.8 h. For microbial steady state 1, 65.3% of the feed
cellulose was hydrolyzed in the presence of a total cellulosome
concentration of 39 mg兾liter, whereas 76.8% hydrolysis was
achieved at 46 mg of cellulase兾liter for microbial steady state 2.
Steady-state continuous SSF mediated by purified C. thermocellum cellulosome in conjunction with fermentation by T. thermo-

Table 1. Continuous culture data and degree of synergy calculation
Cellulose,
g兾liter
Hydrolysis
Batch*
Microbial
SSF (enzymatic)
Continuous†
Microbial
SSF (enzymatic)

Time

Cellulose,
g兾liter

Specific
rate, hr⫺1

Synergy

, hr

r Et
C

r Ep
C

ET
DSEM

EP
DSEM

2.52
1.80
0.54
0.65

—
—
—
—

4.69
2.81

—
—

11.50
7.94
2.39
2.84

16.01
10.66
3.36
4.43

4.70
2.72

4.61
3.05

Co

C

X

EP

ET

After 8 h
Final (16 h)
After 5 h
Final (32 h)

2.12
2.12
2.07
2.07

0.95
0.0
1.64
0.0

0.55
1.0
0.21
1.0

—
—
—
—

0.057
0.073
0.102
0.101

8
16
8
32

Steady state 1
Steady state 2
Steady state 1
Steady state 2

4.68
4.66
4.53
4.65

1.63
1.08
1.50
1.16

0.653
0.768
0.67
0.753

0.028
0.029
0.037
0.041

0.039
0.046
0.052
0.064

6.80
9.80
24.4
19.2

See text for definitions of Co, C, Ep, ET, , rC, and DSEM. X is equal to the fractional conversion (Co ⫺ C)兾Co. All cellulose concentrations are reported in terms
of glucose equivalent.
*Batch data are for the experiments presented in Figs. 1, 2, 4, 5, and 6. ‘‘Final’’ corresponds to 16 hours for microbial conversion and 32 hours for SSF.
†Continuous data are for the experiments presented in Figs. 3 and 7.
16166 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0605381103
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Fig. 3. Continuous simultaneous saccharification and fermentation of Avicel
by T. thermosaccharolyticum in the presence of 0.052 g兾liter purified C.
thermocellum cellulosome. Feed cellulose concentration ⫽ 4.53 g兾liter,  ⫽
24.4 h. Data from this experiment are presented as “SSF steady state 1” in
Table 1.

saccharolyticum was carried out at conditions chosen to achieve
conversion and total cellulase concentrations similar to those
observed for microbial cellulose utilization. Time-course SSF
data are presented in Fig. 3 (SSF steady state 1) and Fig. 7, which
is published as supporting information on the PNAS web site
(SSF steady state 2), with steady-state data presented in Table
1. Cellulase-specific activity was similar for microbial and SSF
steady states (Table 2). For SSF steady state 1, comparable to
microbial steady state 1, cellulose hydrolysis of 67% was observed at  ⫽ 24.4 h and added cellulosome at 52 mg兾liter. For
SSF steady state 2, cellulose hydrolysis of 75.3% was observed at
 ⫽ 19.2 h and 64 mg兾liter cellulosome. The concentration of
cellulose hydrolysis products was below detection limits (2.5
mg兾liter) for both microbial and SSF steady states.
E
, g of cellulose䡠g of
The cellulase-specific hydrolysis rate (rC
cellulosome⫺1䡠hr⫺1) may be calculated by using
rCE ⫽

共Co ⫺ C兲兾
,
E

[1]

where Co is the cellulose concentration in g兾liter either initially
(for batch) or in the feed (for steady state continuous), C is the
fermentor cellulose concentration in g兾liter after time t (for
batch) or at steady state (for continuous),  is the elapsed time
(for batch) or the residence time (for continuous), and E is the
average cellulosome concentration in g兾liter over the elapsed
time (for batch) or for multiple steady-state points (for continuous). The degree of enzyme–microbe synergism, DSEM, may be
calculated from the cellulosome-specific hydrolysis rates observed for microbial hydrolysis and SSF by using
DSEM ⫽

共rCE兲microbial
共r CE兲 SSF

.

[2]

ET
, is
The degree of synergism on a total cellulosome basis, DS EM
found by using the total cellulosome concentration, ET, in Eq. 1.
Alternatively, the degree of synergism on a pellet cellulosome
EP
, is found if the pellet cellulase concentration (EP,
basis, DS EM
potentially including both CE and CEM complexes) is used.
ET
calculated from batch and continuous data
Values for DS EM
ET
based on batch data after 8 h is
are presented in Table 1. DS EM
ET
is calculated after complete cellulose hydrolysis is
4.69. If DS EM
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Discussion
The C. thermocellum cellulase complex is substantially more
effective during microbial hydrolysis as compared with SSF
under the conditions examined. Such enzyme–microbe synergy
requires the presence of metabolically active cellulolytic microbes and is not explained by removal of hydrolysis products
from the bulk fermentation broth. The key apparent difference
between microbial hydrolysis and SSF as examined here is that
CEM complexes are present during microbial hydrolysis,
whereas this is not the case for SSF. Candidate mechanisms for
the increased effectiveness of the cellulosome when presented on
the surface of a cellulose-adhered cell as compared with when it
acts without cell attachment involve events occurring at the site
of cellulose hydrolysis, the cellulose surface.
The presence of a cellulose-adherent cellulolytic microbe may
increase hydrolysis rates by lowering the local concentration of
inhibitory hydrolysis products. Cellobiose and to a lesser extent
glucose are known to inhibit the C. thermocellum cellulosome
(23); other hydrolysis products could also be inhibitory. Because
synergy is observed with hydrolysis products in the fermentation
broth at concentrations far below those at which inhibition has
been documented (23), a large concentration gradient would
have to exist between the cellulose surface and the bulk solution
for inhibition by locally high concentrations of hydrolysis products to be important. The occurrence of such gradients is
consistent with a highly structured water layer at the surface of
cellulose, which has been hypothesized to limit the rate of
enzymatic hydrolysis of cellulose by impeding either the escape
of hydrolysis products and兾or the approach of cellulase enzymes
(24). The surface of a cellulose-adherent cell, including peptidoglycan, other cell wall components, and perhaps a glycocalyx,
very likely modifies the physical chemistry of the gap between
cellulose and an adhered cellulolytic microorganism. It also
seems likely that modifications to the chemical environment in
this gap that are of benefit to the adherent microorganism would
be rewarded from an evolutionary perspective, because organisms with improved substrate access (higher concentration of
substrate at the cell surface and兾or less loss of substrate to the
bulk medium) would presumably grow faster and thus have a
selective advantage (11, 25). Microbial adhesion to cellulose may
facilitate substrate capture (26), and assimilation of cellodextrins
in lieu of cellobiose and glucose (21) has been implicated in
molecular evolution (12) and invites consideration of cellulose
hydrolysis as a reacting biofilm (26).
From an applied perspective, the 2.7- to 4.7-fold synergistic
effect reported here is significant in the context of the search for
strategies to decrease the cost of enzymatic hydrolysis, a focus of
considerable effort since the late 1990s (2, 11, 27, 28). Further
work is warranted to establish the generality of enzyme–microbe
synergy, e.g., with respect to a diversity of organisms, substrates兾
feedstocks, and conditions.
The development of microbes capable of fermenting cellulose to ethanol or other desired products in an industrial
PNAS 兩 October 31, 2006 兩 vol. 103 兩 no. 44 兩 16167
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achieved, a value of 2.81 is obtained. In continuous culture, a
ET
value of 2.72 is obtained based on microbial and SSF
DS EM
steady states 1, for which ⬇75% of the feed cellulose was
hydrolyzed. For microbial and SSF steady states 2, for which
ET
⬇66% hydrolysis was achieved, DS EM
is equal to 4.70. Values for
EP
enzyme–microbe synergy on a pellet cellulase basis, DS EM
, are
ET
quite similar to DS EM values observed in continuous culture: 3.05
for microbial and SSF steady state 1, and 4.61 for microbial and
SSF steady state 2. Decreasing synergy is seen with increasing
extents of cellulose hydrolysis and with decreasing substrate-toenzyme ratios for both batch and continuous culture. Variation
of the degree of synergy as a function of experimental conditions
is commonly observed in determination of synergy among
cellulase components in cell-free experiments (9).

setting is a challenging proposition for biotechnology. However, there are increasing indications that such development is
both desirable and achievable. Results presented herein suggest that cellulose hydrolysis may be more rapid when mediated by adherent cellulolytic microbes in a consolidated bioprocessing (CBP) configuration as compared with cellulase
enzymes acting independently of cellulolytic microbes. The
feasibility of CBP is supported by our recent finding that C.
thermocellum realizes bioenergetic benefits specific to growth
on cellulose that exceed the bioenergetic cost of cellulase
synthesis (21). Process design studies indicate that CBP represents a potential breakthrough for low-cost processing of
cellulosic biomass (3).
If development of a CBP-enabling microorganism is to be
based on naturally occurring cellulolytic microorganisms such as
C. thermocellum, it will be necessary to perform metabolic
engineering to improve product yield and titer relative to
performance obtained to date with available strains. Substantial
advances have recently been made in developing requisite genetic tools for this approach (29, 30). Alternatively, organism
development could be based on a microbe that already produces
high product yields and titers (e.g., yeast) but is not cellulolytic.
In this case, it will likely be desirable to understand, incorporate,
and perhaps enhance physiological features that underlie enzyme–microbe synergy. Progress and prospects for both CBP
organism development strategies are reviewed in detail elsewhere (3, 12).
Materials and Methods
Microbial Cultures and Chemicals. C. thermocellum ATCC 27405

was provided by Arnold Demain (Massachusetts Institute of
Technology, Cambridge, MA) and has been maintained in our
laboratory, as described (31). T. thermosaccharolyticum ATCC
31960 was purchased from American Type Culture Collection
(Manassas, VA). Chemically defined MTC medium was prepared as described (18) with changes as noted below. All
chemicals were reagent grade and were obtained from Sigma (St.
Louis, MO), unless indicated otherwise.
Batch Culture of C. thermocellum and Relevant Controls. Five milliliters of a C. thermocellum stock culture was inoculated by
syringe into 100 ml of MTC medium containing 2 g兾liter Avicel
PH105 and 10 g兾liter 4-morpholinepropanesulfonic acid buffer
(initial pH 7.6) in triplicate 200-ml sealed serum vials (Bellco
Biotechnology, Vineland, NJ) under an N2 atmosphere. Cultures
were incubated at 60°C in a water bath with rotary shaking at 200
rpm. Once 2 g兾liter Avicel was consumed, as determined by
visual inspection, supplemental Avicel was added by syringe as
a 40 g兾liter sterile suspension to a concentration of 2 g兾liter, the
pH was adjusted to 7.6 by addition of 4 M NaOH, and the gas
phase was replaced by flushing with filter-sterilized N2. The
microbial cellulose utilization data presented in Figs. 1 and 2 and
Table 1, as well as Fig. 8, which is published as supporting
information on the PNAS web site, are taken with the initial
(time 0) data point just after supplemental Avicel addition.
Microbial control 1 was carried out as above except that a
sterilized 1 M sodium azide solution was added to a final
concentration of 38.5 mM in conjunction with supplemental
Avicel addition. Addition of azide as specified above resulted in
cessation of fermentation as indicated by constant concentrations of fermentation products over time measured by HPLC.
Cellulase Preparation and Purification. Cellulase used for batch SSF

experiments was obtained from batch cultures of C. thermocellum grown in MTC medium in a 200-ml serum vial with Avicel
as the growth substrate at an initial concentration of 4 g兾liter.
Cellulase for continuous SSF experiments was obtained from
steady-state continuous cultures of C. thermocellum grown in
16168 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.0605381103

MTC medium at a dilution rate (flow rate兾fermentor working
volume) of 0.052 h⫺1 and feed cellulose concentration of 4
g兾liter. Purification of cellulase from culture supernatants was
carried out by affinity digestion as described (18, 32). Purified
cellulase preparations used for batch and continuous SSF experiments contained ⬇1.2 g兾liter cellulase with a specific activity
of 2.8 units兾mg of cellulase in Tris buffer (50 mM, with 10 mM
CaCl2, pH 6.8). The concentration of soluble hydrolysis products
in the purified cellulase preparation was verified by HPLC to be
sufficiently small (⬍0.002 g兾liter) to not complicate the interpretation of SSF experiments. The cellulase enzymes used for
SSF experiments may not be exactly the same as those present
in growing C. thermocellum cultures. However, several factors
suggest that any differences between the cellulases present under
the conditions examined are not large and do not confound the
interpretation of synergy as presented herein (see Supporting
Text, which is published as supporting information on the PNAS
web site).
Batch SSF and Relevant Enzyme Controls. Five milliliters of a T.
thermosaccharolyticum stock culture was inoculated into 100
ml of MTC medium containing 2 g兾liter Avicel PH105 and 2
g兾liter cellobiose in triplicate 200-ml serum vials under an N2
atmosphere. Cultures were incubated at 60°C in a water bath
with rotary shaking at 200 rpm. Once cellobiose was exhausted,
as determined by HPLC, the pH was adjusted back to 7.6, and
a purified cellulosome preparation (above) was sterilized by
using a filter (Millex-GV, 0.22 m pore size, Millipore,
Billerica, MA) and added to the culture by syringe to a final
concentration of 100 mg兾liter. The SSF data presented in Figs.
1 and 2 and Table 1, as well as Fig. 5, are taken with the initial
(time 0) data point just after cellulase addition. Cell-free
control 1 was carried out in the presence of 2 g兾liter Avicel and
100 mg兾liter purified cellulase as above, except that no fermenting organism was present. Cell-free control 2 was carried
out as for cell-free control 1, except that a sterilized 1 M
sodium azide solution was added to a final concentration of
38.5 mM.
Continuous Culture. A modified 1-liter fermentor (Applikon

Dependable Instruments, Foster City, CA, modified by NDS)
with an overf low sidearm (i.d. 0.38 in.) and 0.5-liter working
volume was used both for microbial fermentation by C.
thermocellum and for SSF carried out in continuous mode. pH
was controlled at 6.8 by a Delta V process control system (New
England Controls, Mansfield, MA) with addition of 4 M
NaOH, the fermentor was stirred at 250 rpm, and temperature
was controlled at 60°C by circulating hot water through the
fermentor jacket (19). MTC medium containing 4 g兾liter
Avicel PH was fed by a peristaltic pump as described elsewhere
(31) to achieve residence times as specified in the text. For SSF
experiments, an additional peristaltic pump was used to deliver
purified cellulase in 50 mM Tris buffer (pH 6.8) and stored at
4°C. A diagram of the SSF system is presented in Fig. 8. The
composition of MTC medium and the concentration of Avicel
used for SSF experiments were adjusted to provide the same
concentrations as those used in C. thermocellum fermentation
experiments (e.g., final concentration of 4 g兾liter Avicel).
SSF experiments were initiated by inoculating 50 ml of a
late-exponential phase culture of T. thermosaccharolyticum
into MTC medium containing 4 g兾liter Avicel supplemented
with 2 g兾liter cellobiose. Once growth was evident, cellulase
addition was commenced. Samples used to calculate steadystate values for continuous fermentations were taken at intervals of at least one residence time. Results are reported as
the average of at least four steady-state samples.
Lu et al.

Measurement of Residual Cellulose and Fermentation Products. Re-

sidual cellulose was determined by quantitative saccharification
(18, 21, 31). Concentrations of sugars (cellobiose and glucose)
and fermentation products (lactic acid, acetic acid, and ethanol)
were analyzed by HPLC as described (19, 21). Oligomer sugars
were analyzed according to the modified NREL posthydrolysis
procedure (33). Carbon recovery was calculated as described in
Supporting Text.
Measurement of Protein, Cellulase Concentration, and Cellulase Activity. The protein content in supernatant samples was deter-

mined with BSA as the standard by the Bradford protein assay
(34). Protein content in the pellet was measured by using the
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